From comparisons with thickness of sea ice from AVHRR and of the ice production is mainly modulated by air temperature. In the NWS 17 polynya, which is the main DSW production area, the annual DSW forma-18 tion rate is estimated to be ∼0.36 Sv.
controls the ice and DSW production. 
Data
In this study, the AMSR-E/Aqua L2A Global Swath Spatially-Resampled Brightness
98
Temperatures [Ashcroft and Wentz, 2003 ] were used to estimate ice thickness and ice con- algorithm [Markus and Cavalieri, 2000] was used for the ice concentration calculation.
105
For the development of the AMSR-E ice thickness algorithm, we used ice thickness 
118
Values are typically accurate within ±0.05 m. The detail is described in Fukamachi et al.
119
(in press).
120
For air temperatures at 2 m, dew point temperatures at 2 m, wind at 10 m, and sur-121 face sea level pressures (SLP), we used the twice daily (0000 UT and 1200 UT) data of
122
European Centre for the Medium Range Weather Forecasts (ECMWF) with a spatial res-123 olution of 2.5 o × 2.5 o . We also used geostrophic wind derived from the SLP. In this study,
124
a relationship between the polynya area and wind is examined by using the geostrophic 125 wind because ice advection is approximately parallel to the geostrophic wind [Thorndike 126 and Colony, 1982] . The wind at 10 m is used for heat flux calculation. For cloud cover,
127
we used the monthly averaged International Satellite Cloud Climatology Project (ISCCP)
128
D2 data with resolution of 2.5 o × 2.5 o . For the heat flux calculations, these meteorolog-
129
ical data were interpolated onto data points of AVHRR and AMSR-E L2A and polar a visual inspection of AVHRR channel-4 images. With this ice surface temperature, heat 147 fluxes are calculated using the bulk and empirical formulae that are suitable for the Sea
148
of Okhotsk [Ohshima et al., 2003] . Ice bottom temperature is assumed to be the freezing 149 point. For the heat flux calculation, 24-hour average of the twice daily ECMWF surface 150 data is used as atmospheric input. The averaging is done by using the data closest to 151 the time when the AVHRR data was acquired and the data at the previous time step (12 , 1996; Drucker et al., 2003; Tamura et al., 2006] , and these studies showed that Okhotsk.
Rothrock

179
For comparing the AVHRR data with the AMSR-E data, the AVHRR ∼1.1 km gridded 180 thermal ice thickness are mapped onto data points of AMSR-E L2A data. There are 181 several tens of AVHRR pixels within a footprint of the AMSR-E data (∼14 km × 8 km).
182
We use the hypothetical thermal ice thickness for which the calculated total heat flux 183 from AVHRR data would be realized under the assumption of uniform ice thickness in the
184
AMSR-E footprint, not the arithmetic average of the AVHRR thickness. This "thermal 185 ice thickness" is suitable for heat loss calculation because the variability of surface fluxes 186 is nonlinear with respect to that of ice thickness. Figure 4a shows the AVHRR thermal
187
ice thickness (h A ) which is mapped onto data points of AMSR-E L2A.
188 Figure 4b shows spatial distribution of the polarization ratio of AMSR-E brightness 189 temperature at 36.5 GHz channel (
is transformed from R 36 through the following equation: P R 36 = (R 36 − 1)/(R 36 + 1).
191
The P R 36 value is high at thin ice thickness (≤0.2 m) region. E show that all pixels in the coastal polynyas are colder than the freezing point. This 
Ice Production and Dense Water Formation
In this section, ice and dense shelf water (DSW) production in the Okhotsk coastal 250 polynyas is estimated from daily heat loss to the atmosphere (H). H is obtained from 251 heat flux calculation using daily thin ice thickness derived from AMSR-E (e.g. Figure 2d ).
252
The procedure of the heat flux calculation is similar to that in the calculation of AVHRR 
255
Ice production rate per unit area (V i ) is estimated by assuming that all of H is used for 256 sea-ice formation, and is given by
where ρ i (= 920 kg m [1998] . The ice production in the NWS 277 polynya accounts for ∼45% of the total ice production in major coastal polynyas (TOTAL 278 column in Table 1 ). The sum of the ice production in the NWS and NS polynyas reaches 279 ∼65% of the total. Interannual variability of the total ice production in the major coastal 280 polynyas is small during the 3 winters (Table 1) .
281
From AMSR-E ice concentrations, the average of maximum ice area in the 3 winters is 282 ∼ 1.0 × 10 6 km 2 . If the ice thickness averaged over the sea-ice area in the Sea of Okhotsk Summary of monthly cumulative ice production averaged over the 3 winters ( Table   287 2) shows that ice production in the NWS polynya is largest in December and gradually 288 decreases toward March. This is because ice thickness increases from the offshore, and 
294
Previous studies showed that the major dense shelf water (DSW) formation occurs in Gladyshev et al., 2000] . We also estimate the DSW production 296 in the NWS polynya, where the ice production was shown to be by far the largest (Table   297 1). Referring the observation by Shcherbina et al. [2004a] , the constant water density 
S F is given by showed that maximum ice production is ∼5 m per winter from their ice production map 319 ( Figure 13 in their study), while it is ∼10 m per winter in this study (Figure 6a ). We 320 also estimated ice production for the same period of this study (2002/2003-2004/2005) 321 using the similar method as in Ohshima et al. [2003] is thin (Figures 2b and 2d ) and ice production is high (Figure 6a) from AVHRR data ( Figure 5 ). Table 3 summarizes the sensitivity analyses, showing that 353 the heat loss (ice production) is the most sensitive to the error in ice thickness.
354
Intraseasonal variability of the NWS polynya
Relationships with meteorological parameters
In this section, we investigate the intraseasonal variability of the NWS polynya, where 355 the ice production was shown to be by far largest, and examine which meteorological 356 parameter mainly controls the heat loss to the atmosphere (ice and DSW production) made by advancing the wind data by 1 day because a correlation coefficient is highest at 384 1-day lag from a lag correlation analysis (not shown here).
385
The results of this study indicate that the heat loss to the atmosphere in coastal polynya 386 is mainly modulated by the air temperature at 2 m and the offshore component of the 387 geostrophic wind (Figures 8b and 9b) . We carry out a multiple linear regression anal-388 ysis using daily data for the 3 winters (January-March) to show which meteorological 389 parameter contributes more to the heat loss. In the analysis, the heat loss is treated as 
Rapid reduction of polynya area, and its relationship with snow cover
For the 3 winters, the polynya area occasionally reduced rapidly (second row of panels 396 from the top in Figure 7 ). In the following, we examine the causes of the rapid polynya advected from the Pacific Ocean due to this wind direction change.
409
The polynya area retreated by >100 km in ∼9 hours (left panels in Figure 10 ). If the ice 410 drift speed is assumed to be 2% of the geostrophic wind [Kimura and Wakatsuchi, 1999] , 411 sea ice is advected by only ∼13 km by the wind drift because the wind speed is at most 412 20 m s −1 . This indicates that the rapid polynya closure cannot be explained only from
nilas or pancake ice) can be piled up easily. It was shown that the process of piling up of 415 thin ice is important for ice growth in the southern part of the Sea of Okhotsk [Toyota et 416 al., 2004; Fukamachi et al., 2006] . However, this effect is also thought to be not enough 417 to explain the rapid polynya closure because of the small ice advection by wind.
418
From the heat budget analysis with meteorological conditions averaged over this period 419 in the NWS region, it is shown that thin ice whose thickness is ∼0.05 m grows locally by 420 ∼0.08 m day −1 , and thus the ice thickness cannot exceed 0.2 m within 9 hours. Therefore,
421
the rapid polynya closure cannot be explained by the local thermal balance solely.
422
Third row of panels from the top in Figure 7 show daily increase in snow depth at Ayan (second row of panels from the top in Figure 7) . Most of these cases show that the ice in Figure 10 ) and that the snow depth at Ayan increased (third row of panels from the 440 top in Figure 7 ). We consider that these reductions are also apparent ones owing to that 441 the AMSR-E algorithm cannot detect thin ice due to a snow cover on ice.
442
Summary and Discussion
A thin ice thickness algorithm for AMSR-E was newly developed in the Sea of Okhotsk 
450
We estimated ice production in major Okhotsk coastal polynyas during 3 winters of (Table 1 ) from heat flux calculation in which the daily AMSR-E 452 ice thickness (e.g. Figure 2d ) is used. Oceanic heat flux due to the circulation and eddy 453 mixing was assumed to be negligible. Interannual variability of the ice production was 454 small among the 3 winters. The sum of the ice production during winter in the Okhotsk 455 coastal polynyas would cover the maximum ice area if the average ice thickness is assumed 456 to be 1 m. The ice production was highest in the northwest shelf (NWS) region (Table   457 a comparison of the AMSR-E and SSM/I data during the overlapping period, interannual 502 variability of ice production could be examined. Thorndike, A. S., and R. Colony (1982) , Sea ice motion in response to geostrophic winds, (1) and from AVHRR data. The details are described in the text. 
